The compatible solute mannosylglucosylglycerate (MGG), recently identified in Petrotoga miotherma, also accumulates in Petrotoga mobilis in response to hyperosmotic conditions and supraoptimal growth temperatures. Two functionally connected genes encoding a glucosyl-3-phosphoglycerate synthase (GpgS) and an unknown glycosyltransferase (gene Pmob_1143), which we functionally characterized as a mannosylglucosyl-3-phosphoglycerate synthase and designated MggA, were identified in the genome of Ptg. mobilis. This enzyme used the product of GpgS, glucosyl-3-phosphoglycerate (GPG), as well as GDP-mannose to produce mannosylglucosyl-3-phosphoglycerate (MGPG), the phosphorylated precursor of MGG. The MGPG dephosphorylation was determined in cell extracts, and the native enzyme was partially purified and characterized. Surprisingly, a gene encoding a putative glucosylglycerate synthase (Ggs) was also identified in the genome of Ptg. mobilis, and an active Ggs capable of producing glucosylglycerate (GG) from ADP-glucose and D-glycerate was detected in cell extracts and the recombinant enzyme was characterized, as well. Since GG has never been identified in this organism nor was it a substrate for the MggA, we anticipated the existence of a nonphosphorylating pathway for MGG synthesis. We putatively identified the corresponding gene, whose product had some sequence homology with MggA, but it was not possible to recombinantly express a functional enzyme from Ptg. mobilis, which we named mannosylglucosylglycerate synthase (MggS). In turn, a homologous gene from Thermotoga maritima was successfully expressed, and the synthesis of MGG was confirmed from GDP-mannose and GG. Based on the measurements of the relevant enzyme activities in cell extracts and on the functional characterization of the key enzymes, we propose two alternative pathways for the synthesis of the rare compatible solute MGG in Ptg. mobilis.
The compatible solute mannosylglucosylglycerate (MGG), recently identified in Petrotoga miotherma, also accumulates in Petrotoga mobilis in response to hyperosmotic conditions and supraoptimal growth temperatures. Two functionally connected genes encoding a glucosyl-3-phosphoglycerate synthase (GpgS) and an unknown glycosyltransferase (gene Pmob_1143), which we functionally characterized as a mannosylglucosyl-3-phosphoglycerate synthase and designated MggA, were identified in the genome of Ptg. mobilis. This enzyme used the product of GpgS, glucosyl-3-phosphoglycerate (GPG), as well as GDP-mannose to produce mannosylglucosyl-3-phosphoglycerate (MGPG), the phosphorylated precursor of MGG. The MGPG dephosphorylation was determined in cell extracts, and the native enzyme was partially purified and characterized. Surprisingly, a gene encoding a putative glucosylglycerate synthase (Ggs) was also identified in the genome of Ptg. mobilis, and an active Ggs capable of producing glucosylglycerate (GG) from ADP-glucose and D-glycerate was detected in cell extracts and the recombinant enzyme was characterized, as well. Since GG has never been identified in this organism nor was it a substrate for the MggA, we anticipated the existence of a nonphosphorylating pathway for MGG synthesis. We putatively identified the corresponding gene, whose product had some sequence homology with MggA, but it was not possible to recombinantly express a functional enzyme from Ptg. mobilis, which we named mannosylglucosylglycerate synthase (MggS). In turn, a homologous gene from Thermotoga maritima was successfully expressed, and the synthesis of MGG was confirmed from GDP-mannose and GG. Based on the measurements of the relevant enzyme activities in cell extracts and on the functional characterization of the key enzymes, we propose two alternative pathways for the synthesis of the rare compatible solute MGG in Ptg. mobilis.
Thermophilic and hyperthermophilic organisms, like the vast majority of other microorganisms, accumulate compatible solutes in response to water stress imposed by salt. In fact, many of the (hyper)thermophiles known were isolated from geothermal areas venting seawater (36) . However, the compatible solutes of thermophilic and hyperthermophilic prokaryotes are generally different from those of their mesophilic counterparts and some, namely, di-myo-inositol-phosphate (DIP), mannosyl-di-myo-inositol-phosphate (MDIP), diglycerol phosphate, and mannosylglyceramide, are confined to organisms that grow at extremely high temperatures (19, 22, 34, 38) . Mannosylglycerate (2-␣-D-mannosylglycerate; MG), for example, is a common compatible solute of thermophiles and hyperhermophiles (23, 27, 38) but has also been found in mesophilic organisms, such as red algae, where it was first identified (6) . It should also be noted that there is a growing awareness that compatible solutes are involved in other types of stress; trehalose, for example, plays a role in osmotic stress, heat stress, desiccation, and freezing (9) . Some compatible solutes of thermophilic organisms are extremely rare and have been encountered in only one or two, generally closely related, species. Among them are mannosylglyceramide in Rhodothermus marinus, diglycerol phosphate in Archaeoglobus fulgidus, and, more recently, mannosylglucosylglycerate (␣-D-132-mannopyranosyl-␣-D-132-glucopyranosylglycerate; MGG) identified in Petrotoga miotherma (16, 19, 38) .
The species of the genus Petrotoga represent slightly thermophilic members of the generally hyperthermophilic and deep-branching bacteria of the order Thermotogales (2, 3, 31) . Organisms of this genus have all been isolated from hot oilfield water (21, 25) , and have an optimum temperature for growth of 55 to 60°C in medium containing NaCl in the range of 0.5 to 10% (16) . In Ptg. miotherma, the levels of MGG increased during low-level osmotic adaptation, whereas glutamate and proline were used for protection against hyperosmotic stress (16) . The hyperthermophilic Thermotoga spp. accumulate primarily di-myo-inositol-phosphate and mannosyl-di-myo-inositol-phosphate during osmotic adjustment or during growth at temperatures above the optimum for growth (37) .
The novel compatible solute MGG is a derivative of glucosylglycerate (2-␣-D-glucosylglycerate; GG) identified in the free form in Erwinia chrysanthemi, in the marine cyanobacteria Prochlorococcus marinus and Synechococcus sp. PCC7002, and in the thermophilic bacterium Persephonella marina, the latter of which possesses two alternative pathways for its synthesis (8, 13, 14, 18, 37) . Glucosylglycerate has also been detected in trace amounts in Mycobacterium smegmatis, where it probably is the precursor of a polysaccharide involved in the regulation of fatty acid synthesis, as well as in the polar head group of a glycolipid from Nocardia otitidiscaviarum (17, 30) .
Two alternative pathways for the synthesis of GG have been identified and characterized. In the two-step reaction scheme, the synthesis of GG involves the condensation of nucleoside diphosphate (NDP)-glucose and D-3-phosphoglycerate (3-PGA) into glucosyl-3-phosphoglycerate (GPG), which in turn is dephosphorylated to yield GG. Yet, in a single-step pathway, the synthesis of GG occurs via the condensation of ADP-glucose with D-glycerate (13) . Similar routes to those described above also lead to the synthesis of mannosylglycerate in Rhodothermus marinus (4) .
Two functionally connected genes encoding an "actinobacterial"-type glucosyl-3-phosphoglycerate synthase (GpgS) and an unknown glycosyltransferase were detected in the genome of Petrotoga mobilis (12) . In this study, we examine the synthesis of MGG through a phosphorylating pathway (with a phosphorylated intermediate) from 3-phosphoglycerate and UDPglucose to the final compatible solute, in cell extracts and by functional characterization of recombinant enzymes. We also examine a second nonphosphorylating pathway (no phosphorylated intermediates) that could represent an alternative route for the synthesis of MGG in Ptg. mobilis that could lead to the direct conversion of GG and GDP-mannose to MGG. Pathway multiplicity likely reflects a crucial role for MGG in the physiology of Ptg. mobilis during stress adaptation.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Petrotoga mobilis (DSM 10674 T ) was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (Germany). Cultures of Ptg. mobilis were grown on DSMZ medium 718 modified by replacing yeast extract, Trypticase, and glucose with tryptone (1 g/liter) and starch (5 g/liter), and by increasing the concentration of NH 4 Cl to 4 g/liter.
To examine the accumulation of compatible solutes in response to optimal and supraoptimal conditions, cells were grown as previously described (16) at 60°C in medium containing 1.5, 3, 4, 5, 6 , and 7% (wt/vol) NaCl. The effect of the growth temperature on the accumulation of compatible solutes was assessed at 58°C, 60°C, and 62.5°C in medium containing 3% NaCl.
Preparation of Ptg. mobilis cell extracts and enzyme assays. Cells were harvested by centrifugation (7,000 ϫ g, 10 min, 20°C) during the late exponential growth phase. The cell pellet was suspended in 20 mM Tris-HCl (pH 7.5) containing 5 mM MgCl 2 and a cocktail of protease inhibitors (Roche). Cells were disrupted in a French press, followed by centrifugation (13,000 ϫ g, 45 min, 4°C) to remove cell debris.
The glucosyl-3-phosphoglycerate synthase (GpgS), mannosylglucosyl-3-phosphoglycerate synthase (MggA), mannosylglucosyl-3-phosphoglycerate phosphatase (MggB), glucosylglycerate synthase (Ggs), and mannosylglucosylglycerate synthase (MggS) activities in cell extracts were assessed in 20 mM Tris-HCl (pH 7.5) with 10 mM MgCl 2 . Substrates at 5 mM (each) were D-3-phosphoglycerate (3-PGA) and UDP-glucose for GpgS, glucosyl-3-phosphoglycerate (GPG) and GDP-mannose for MggA, mannosylglucosyl-3-phosphoglycerate (␣-D-132-mannopyranosyl-␣-D-132-glucopyranosyl-3-phosphoglycerate; MGPG) for MggB, ADP-glucose and D-glycerate for Ggs, and glucosylglycerate (GG) and GDP-mannose for MggS. The products of these reactions were visualized by thin-layer chromatography (TLC) and quantified by high-pressure liquid chromatography (HPLC) with an Aminex HPX-87H column (300 mm by 7.8 mm; Bio-Rad) equilibrated with 5 mM H 2 SO 4 . The concentration of the MGG, MGPG, and GG standards was determined by 1 H nuclear magnetic resonance ( 1 H-NMR) as previously described (16) . DNA isolation, identification, and expression of gpgS, mggA, putative mggB, ggS, and mggS genes. The genomic DNA of Ptg. mobilis was isolated according to the method described by Rainey et al. (33) . Genomic DNA of Thermotoga maritima (43589D-5) was obtained from the American Type Culture Collection (ATCC). The gpgS, mggA, putative mggB, ggs, and mggS gene sequences were obtained from the Ptg. mobilis genome database (Joint Genome Institute, U.S. Department of Energy [http://www.jgi.doe.gov/genome-projects]) and amplified as previously described (10) . Escherichia coli DH5␣ and vector pTRC99A were used for cloning and expression of the gpgS, mggA, ggs, putative mggB, and mggS genes from Ptg. mobilis, with the latter also from T. maritima. Escherichia coli BL21 and vector pET30a were also used for cloning and expression attempts for the genes mggB from Ptg. mobilis and mggS from both organisms. E. coli clones were grown to mid-exponential growth phase (optical density at 610 nm [OD 610 ], 1.0), in LB medium at 37°C, containing the appropriate antibiotic. Gene expression was induced with 0.5 mM isopropyl-␤-D-thio-galactopyranoside (IPTG), and cells were further grown overnight at 30°C.
The proteins encoded by genes Pmob_1326 and Pmob_0601 were identified in the partially purified cell extracts containing MGPG phosphatase (MggB) activity by peptide mass fingerprinting (Institute of Molecular Pathology and Immunology of the University of Porto [IPATIMUP] Proteomics Unit, Porto, Portugal). Both genes were cloned in pET30a with and without the putative signal peptides (predicted with specific software at the SignalP server; http://www.cbs .dtu.dk/services/SignalP). Pmob_0601 was also cloned without the putative signal peptide and the following 20 hydrophobic amino acids that could hypothetically serve to anchor the protein to the membrane (20) .
The unsuccessful attempt to express the mggS gene from Ptg. mobilis could be due to the presence of numerous codons rarely used by E. coli (http://www.doe -mbi.ucla.edu/ϳsumchan/caltor.html). Therefore, we had this gene synthesized for optimum codon usage for expression in E. coli (GenScript). The MggS homologue from T. maritima (TM1230) was amplified from the organism's DNA, cloned into pTRC99A, and expressed in E. coli DH5␣.
Purification of recombinant enzymes MggA, GpgS, and Ggs from Ptg. mobilis and MggS from T. maritima. Recombinant MggA was loaded into a DEAESepharose fast-flow column equilibrated with 20 mM Tris-HCl (pH 7.4). Based on the high theoretical isoelectric point (8.8), the MggA was not expected to bind to this resin, unlike the majority of the host proteins. The active fractions, which did not bind to DEAE-Sepharose, were loaded onto a Q-Sepharose fast-flow column (Hi-Load 16/10) equilibrated with 20 mM Tris-HCl, pH 8.0. Elution was carried out with a linear NaCl gradient (0.0 to 1.0 M). The active fractions were concentrated and equilibrated in 20 mM Tris-HCl (pH 7.4).
The recombinant GpgS was purified with two consecutive DEAE-Sepharose columns, equilibrated in Tris-HCl (pH 7.4). Elution was carried out with linear NaCl gradients (0.0 to 1.0 M in the first column and 0.0 to 0.5 M in the second, for 1 h). Two consecutive Q-Sepharose columns were then used under the conditions described above. Finally, two Superdex 200 columns equilibrated with 20 mM Tris-HCl and 200 mM NaCl (pH 7.4), were used to obtain pure recombinant GpgS. Active fractions were concentrated and equilibrated in 20 mM Tris-HCl (pH 7.4).
An E. coli cell extract containing the recombinant Ggs was incubated at 50°C for 15 min. Heat-denatured proteins were removed by centrifugation (15,000 ϫ g, 30 min, 4°C). Heat-stable proteins were loaded onto a Q-Sepharose column equilibrated with 20 mM Tris-HCl (pH 7.0), and elution was carried out as described for MggA. Active fractions were collected and dialyzed against the same buffer. This protocol was repeated after equilibrating the column with 20 mM bis-Tris propane (BTP) at pH 6.7.
An E. coli cell extract containing the recombinant MggS from T. maritima was incubated at 50°C for 10 min. Heat-denatured proteins were removed as described above. The recombinant MggS was purified with a DEAE-Sepharose column, followed by Q-Sepharose and Superdex 200 columns, under the conditions described for the enzyme GpgS.
The purity of each of the four recombinant enzymes, MggA, GpgS, Ggs, and MggS, was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Purification of the native MggB and Ggs. Petrotoga mobilis was cultivated (35 liters) at 62°C with 3% NaCl in the medium described above and harvested by centrifugation (7,000 ϫ g, 10 min, 20°C). The cell pellet was suspended in 20 mM Tris-HCl (pH 7.0) and disrupted in a French press, followed by centrifugation (15,000 ϫ g, 45 min, 4°C) to remove debris.
The MggB-containing supernatant was purified using a DEAE-Sepharose column in 20 mM Tris-HCl (pH 7.5). The active fraction was then applied to two consecutive Q-Sepharose columns, equilibrated with 20 mM Tris-HCl, at pH 7.5 and pH 8.0, respectively. The active fraction was then loaded onto a Resource Q column equilibrated with 20 mM Tris-HCl (pH 8.0). In an attempt to further purify the native MggB, we tested hydrophobic interaction chromatography with a Phenyl-Sepharose column and size-exclusion chromatography with a Superdex-200 column under the conditions described for the purification of the recombinant GpgS. Each of these chromatographic steps resulted in a complete loss of MGPG phosphatase (MggB) activity. The partially purified and active preparation was separated by an SDS-PAGE gel, and independent bands were excised VOL. 192, 2010 BIOSYNTHESIS OF MANNOSYLGLUCOSYLGLYCERATE 1625
and identified by peptide mass fingerprinting after trypsin digestion (IPATIMUP Proteomics Unit, Porto, Portugal). The partial purification of the native Ggs was achieved with the protocol described for the phosphatase MggB. Synthesis, purification and quantification of MGPG, GPG, and MPG. GPG and MPG were synthesized at 60°C from GDP-mannose and 3-PGA and from GDP-glucose and 3-PGA, respectively, in 25 mM BTP buffer (pH 8.0) with 20 mM MgCl 2 , using the pure recombinant bifunctional MpgS from Rubrobacter xylanophilus (35) . MGPG was synthesized using the purified recombinant MggA from Ptg. mobilis in a mixture containing 10 mM GDP-mannose and 9 mM GPG in 25 mM BTP (pH 8.5) with 5 mM MgCl 2 , at 60°C. The compounds were purified as previously described (5) with slight modifications: samples were loaded onto QAE-Sephadex A-25 columns, and the elution was by a linear gradient of 5.0 mM to 1 M NaHCO 3 . The purity of the final samples was evaluated with and without treatment with alkaline phosphatase by TLC, as previously described (11), and by HPLC, as described above. The concentrations were determined by the quantification of the phosphate released after incubation with alkaline phosphatase (1) .
Characterization of the recombinant GpgS. Glucosyl-3-phosphoglycerate synthase (GpgS) activity was measured as previously described (12) . The substrate specificity of GpgS was examined using ADP-glucose, GDP-glucose, TDP-glucose, UDP-glucose, glucose-1-phosphate, GDP-mannose, and mannose-1-phosphate as sugar donors and 2-phosphoglycerate, 3-phosphoglycerate, D-glycerate, L-glycerate, DL-glycolate, and DL-lactate as sugar acceptors. The temperature profile, pH range, effect of cations, kinetic parameters and thermal stability of the GpgS were determined from the synthesis of GPG as previously described (8) .
The temperature profile for the GpgS between 30 and 80°C was studied by using 20 mM Tris-HCl buffer (pH 7.0), with 5 mM CoCl 2 , and 5 mM (each) 3-PGA and UDP-glucose. The thermal stability was determined at 60°C with 20 mM Tris-HCl (pH 7.0). The thermal stability was also determined in the presence of UDP-glucose and 3-PGA (5 mM each) and in the presence of 5 mM CoCl 2 . The effect of pH was determined at 60°C in 20 mM acetate buffer at pH 5.0 to 5.5, 20 mM 2-(N-morpholino)ethanesulfonic acid (MES) at pH 6.0 to 6.5, and 20 mM Tris-HCl at pH 7.0 to 8.0. The buffer pHs were determined at room temperature, and the actual pHs at 60°C were calculated using the conversion factors (⌬pKa/⌬T [where T is temperature in degrees Celsius]) of 0.0002 for acetate buffer, Ϫ0.011 for MES, and Ϫ0.03 for TrisHCl. The K m values for each GpgS substrate were determined at 60 and at 70°C with 20 mM Tris-HCl solutions (pH 7.0) containing 5 mM CoCl 2 and as previously described (12) .
Characterization of the recombinant MggA. Mannosylglucosyl-3-phosphoglycerate synthase (MggA) used GPG and GDP-mannose to synthesize MGPG. For the measurement of MggA activity, the reactions were stopped at different times by the addition of two volumes of cold acetone as previously described (11) . After the evaporation of acetone, samples were incubated for 15 min at 70°C with the glucosyl-3-phosphoglycerate phosphatase (GpgP) from Prs. marina (8) to ensure rapid and complete dephosphorylation of the remaining GPG. The free phosphate was quantified (1) . The substrate specificity of MggA was determined using GDP-mannose, UDP-mannose, and mannose-1-phosphate as possible sugar donors, and D-3-phosphoglycerate, GG, and GPG as the sugar acceptors. All parameters for the MggA except the temperature profile were determined at 60°C. Temperature and pH profiles and the effects of cations on enzyme activity were determined by the addition of known amounts of MggA to reaction mixtures containing 2.0 mM GDP-mannose and 2.0 mM GPG in 25 mM BTP buffer (pH 8.5). The temperature profile for MggA was determined between 30 and 95°C with 1.0 mM MgCl 2 . The stability of the enzyme was examined at 60°C. The enzyme was incubated for different periods and examined for residual activity with the assay described above. The effect of pH was examined by using 25 mM MES buffer (pH 5.5 to 6.0), 25 mM BTP (pH 6.0 to 9.0), and CAPS buffer (pH 9.5 to 10.0). The pH values of buffers MES, BTP, and CAPS at 60°C were calculated with the conversion factors (⌬pKa/⌬T [°C]) of Ϫ0.011, Ϫ0.015, and Ϫ0.009, respectively. The cation dependence was examined as previously described (8) . The kinetic parameters of MggA were determined at 60°C with 1.0 mM MnCl 2 .
Assays for characterization of the partially purified native MggB. The phosphatase activity of the partially purified native mannosylglucosyl-3-phosphoglycerate phosphatase (MggB) was determined based on the release and quantification of inorganic phosphate. All parameters except the temperature profile were determined at 60°C. MggB substrate specificity was examined by using reaction mixtures containing partially purified MggB in 25 mM BTP (pH 7.0), 20 mM MnCl 2 , and one of the following substrates: UDP-glucose, ADP-glucose and GDP-mannose, MGPG, GPG, MPG, mannose 1-phosphate, mannose 6-phosphate, glucose 1-phosphate, glucose 6-phosphate, trehalose 6-phosphate, fructose 1-phosphate, fructose 6-phosphate, inositol 1-phosphate, phytic acid, AMP, ADP, GDP, UDP, ATP, CTP, 2-phosphoglycerate, 3-phosphoglycerate (3-PGA), and 2,3-bisphosphoglycerate. The temperature profile was determined between 37 and 90°C by using 25 mM BTP with 20 mM MnCl 2 . Cation dependence was analyzed with several divalent cations as previously described (8) . The effect of pH (4.6 to 9.5) on MggB activity was determined with 25 mM acetate buffer (pH 4.6 to 5.0), MES (pH 6.0 to 6.5), BTP (pH 6.0 to 9.0), and CAPS (pH 9.0 to 9.5), with 20 mM MnCl 2 . The pHs at 60°C were calculated from the conversion factors indicated above. For the determination of the kinetic parameters, reactions were performed with BTP (pH 7.0).
Characterization of the native and recombinant Ggs. The assay used for characterization of the native and the recombinant glucosylglycerate synthase (Ggs) was based on quantification of NDPs released during the conversion of NDP-glucose and D-glycerate to GG (13) . All parameters except the temperature profile were determined at 60°C. The substrate specificity of Ggs was examined by combining several possible substrates as for the GpgS and as previously described (13) . The cation dependence and the temperature profile (45 to 80°C) were examined as previously described (13) . The effect of pH was examined by using 25 mM acetate buffer (pH 4.5 to 5.5) or BTP pH (6.0 to 8.5) buffers by incubating samples with 15 mM ADP-glucose and 5 mM D-glycerate with 20 mM MgCl 2 (13) . The pHs at 60°C were calculated from the conversion factors indicated above. Below pH 4.5, above pH 8.5, and/or above 80°C, ADP-glucose was hydrolyzed, and no determinations were performed under these conditions. Enzyme stability was determined by using BTP (pH 6.7) as previously described (13) . The kinetic parameters for ADP-glucose and D-glycerate were determined by using 25 mM BTP (pH 6.7) with 20 mM MgCl 2 . K m and V max values were obtained from Hanes plots. The kinetic parameters for the native Ggs were determined at 60 and at 70°C. The rate for the synthesis of GG by the Ggs with UDP-glucose and D-glycerate was determined with reaction mixtures containing 20 mM each substrate in 25 mM BTP (pH 6.7) with 20 mM MgCl 2. The hydrolysis of GG by the recombinant Ggs was assessed by determining the rate of glycerate formation by HPLC as previously described (13) .
Characterization of partially purified recombinant MggS from T. maritima. Enzyme activity was measured by quantifying the free phosphate resulting from the complete dephosphorylation with alkaline phosphatase (1 U) of the GDP released from GDP-mannose. Reactions were performed at 60°C unless otherwise stated. The substrate specificity of MggS was examined using ADPglucose, GDP-glucose, TDP-glucose, UDP-glucose, glucose-1-phosphate, GDP-mannose, and mannose-1-phosphate as possible sugar donors and GG, MG, GPG, or MPG as sugar acceptors. The temperature profile was determined between 40 and 70°C by using 25 mM Tris-HCl (pH 7.0) with 4 mM (each) GDP-mannose and GG and 5 mM NiCl 2 . The pH range of the enzyme was determined with 25 mM MES (pH 5.0 to 6.0), 25 mM Tris-HCl (pH 6.0 to 7.0), and 25 mM BTP (pH 7.0 to 9.0). Conversion factors to calculate the pH values at 60°C are given above. Cation dependence was examined with the above assay and as previously described (13) . The specific activity of the partially purified recombinant MggS was determined by using 25 mM TrisHCl (pH 7.0) with 5 mM NiCl 2 and 4 mM (each) GDP-mannose and GG.
MGG hydrolysis by the recombinant MggS from T. maritima was examined by TLC with the reaction conditions described above and with approximately 6 mM MGG as the substrate.
Determination of the molecular mass of the recombinant enzymes. The molecular mass of each of the purified recombinant enzymes, GpgS, MggA, and Ggs, was estimated by gel filtration with a Superdex 200 column at room temperature by using molecular mass standards as previously described (7).
Extraction, quantification of intracellular solutes, cell protein determination, and identification of MGPG by NMR. Intracellular organic solutes from Ptg. mobilis were extracted twice with boiling 80% ethanol as previously described (38) . Quantification of solutes was performed by 1 H-NMR, using formate as an internal concentration standard as previously described (26) . Cellular protein levels were determined by a bicinchoninic acid protein assay kit (Pierce, Rockford, IL). The NMR structural characterization of MGPG was carried out using a Bruker Avance III 800 spectrometer (Bruker, Rheinstetten, Germany). Two-dimensional (2D) homonuclear proton correlation spectra (COSY and ROESY), as well as heteronuclear spectra ( 13 C/ 1 H HSQC, 13 C/ 1 H HMBC, and 31 P/ 1 H HSQC), were acquired using standard Bruker pulse programs. The homonuclear correlation spectra were acquired with presaturation of the water signal.
1 H and 13 C chemical shifts are relative to 3-(trimethylsilyl)-propanosulphonic acid. 31 P signals were referenced to external 85% H 3 PO 4 .
RESULTS
Effect of salinity and temperature on compatible solute accumulation by Petrotoga mobilis. Optimal growth of Ptg. mobilis took place at 60°C in medium containing 1.5 to 3% NaCl (wt/vol). Growth in media with increasing levels of NaCl led to a large accumulation of mannosylglucosylglycerate (MGG) while glycine betaine, ␣-glutamate, and ␤-glutamate reached lower levels, although all compatible solutes increased considerably during growth in media containing NaCl above the optimum (Fig. 1) . The growth temperature also had a substantial effect on compatible solute accumulation leading to an increase in the accumulation of MGG as the growth temperature was raised from 58°C to 62.5°C, whereas the concentration of amino acids remained the same or decreased slightly.
Enzyme activity in Ptg. mobilis cell extracts. We were not able to detect the synthesis of glucosyl-3-phosphoglycerate (GPG) by GpgS from several sugar donors. The specific activity of mannosylglucosyl-3-phosphoglycerate synthase (MggA) from GPG and GDP-mannose was 3.3 Ϯ 0.4 nmol/min ⅐ mg Ϫ1 of protein at 60°C. The dephosphorylation of MGPG (5 mM) by an unknown phosphatase in the cell extracts at 60°C had a specific activity of 3.6 Ϯ 0.1 nmol/min ⅐ mg Ϫ1 of protein. The synthesis of glucosylglycerate (GG) was also detected upon addition of D-glycerate and ADP-glucose to the cell extract with a specific activity of 36 Ϯ 1 nmol/min ⅐ mg Ϫ1 of protein. On the other hand, we were unable to detect the formation of mannosylglucosylglycerate (MGG) from GG, via the nonphosphorylating pathway in cell extracts under the conditions used for growth, using several sugar donors and GG as acceptor.
Identification of genes encoding GpgS, MggA, MggB, Ggs, and MggS in Ptg. mobilis. The genes, the number of amino acids in the corresponding proteins, the calculated molecular mass, and the apparent behavior in solution of the glucosyl-3-phosphoglycerate synthase (GpgS), glucosylglycerate synthase (Ggs), mannosylglucosyl-3-phosphoglycerate synthase (MggA), and mannosylglucosylglycerate synthase (MggS) from Ptg. mobilis are indicated in Table 1 .
The GpgS for Ptg. mobilis (gene Pmob_1142) has an actinobacterial-type sequence since most of the numerous homologues identified in a BLAST search belong to members of this phylum, namely, Mycobacterium spp. and Rubrobacter xylanophilus (12, 35) . The available genomes from other members of the Thermotogales lack GpgS homologues.
A BLAST search of the genomes available as of October 2009 showed that the gene encoding MggA in Ptg. mobilis (Pmob_1143) was extremely rare and had only low identity homologues in the planctomycete Rhodopirellula baltica (27% amino acid identity [AAI]) and in the deltaproteobacterium "Candidatus Desulfococcus oleovorans" (22% AAI).
The amino acid identity of the Ggs (gene Pmob_0071) from Ptg. mobilis varied between 48 and 55% with homologues from Thermotoga spp. and Kosmotoga olearia, and between 45 and 47% with those from the hyperthermophilic archaea Thermococcus spp. and Pyrococcus spp. The only Ggs characterized so far belongs to Persephonella marina and shares 41% AAI with the Ggs from Ptg. mobilis (13) .   FIG. 1 . Effect of the salinity of the medium and the temperature on the growth rate (}) and accumulation of compatible solutes by Ptg. mobilis during the mid-exponential growth phase. The effect of salt concentration of the growth medium was performed at 60°C; the effect of the temperature on compatible solute accumulation was carried out with medium containing 3% NaCl. The results are averages of at least three independent determinations, and error bars represent the standard deviations. Mannosylglucosylglycerate, gray bars; glycine betaine, black bars; alpha-glutamate, white bars; and beta-glutamate, striped bars. 
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From the genomes available, homologues for the putative MggS (gene Pmob_0697) from Ptg. mobilis are present in some Thermotogales, namely, in Kosmotoga olearia (41% AAI), a Thermotoga sp. (37 to 41% AAI), and a Thermosipho sp. (39% AAI), but they are also found in the gammaproteobacteria Vibrio shilonii and Vibrio coralliilyticus (39 to 40% AAI), in the planctomycete Rhodopirellula baltica (33% AAI) and the deltaproteobacterium "Candidatus Desulfococcus oleovorans" (31% AAI). The Ptg. mobilis MggS had 37% amino acid sequence identity with the product of gene TM1230 from T. maritima (GenBank accession number FJ823437), which was selected for functional characterization.
The native enzyme that dephosphorylated MGPG, designated MggB, could be only partially purified, because it completely lost activity after hydrophobic interaction chromatography or size-exclusion chromatography. This partially purified fraction contained a major band and six minor bands when analyzed by SDS-PAGE. Peptide mass fingerprinting indicated that the fraction contained three different proteins (not shown); the major band was identified as a putative extracellular solute-binding protein (gene Pmob_1326), and four minor bands were identified as its proteolytic degradation products. Another minor band was identified as a putative outer membrane protein (gene Pmob_0817). The remaining minor band was identified as a bifunctional UDP-sugar hydrolase/5Ј nucleotidase (EC 3.6.1.45/EC 3.1.3.5) periplasmic precursor (gene Pmob_0601). We cloned Pmob_0601 with and without the leader peptide encoded by this gene as well as without the initial 40 amino acids that contained 20 hydrophobic amino acids, which might anchor the protein to the membrane (20) . The gene Pmob_1326 was also cloned, with and without the encoded leader peptide, but we could not express any of these genes or their modifications in E. coli.
Functional overexpression of gpgS, mggA, ggS, and mggS in E. coli and purification of the recombinant enzymes. Amplification of gpgS, mggA, and ggs from Ptg. mobilis and mggS from T. maritima yielded products with the expected sizes and sequences (Agowa GmbH, Germany). Both the natural and the synthetic mggS genes (sequence optimized for E. coli codon usage) from Ptg. mobilis had no detectable expression in E. coli. The homologous gene from T. maritima (TM1230) was selected for functional characterization. Purification of the recombinant T. maritima MggS to homogeneity was not achieved due to very low enzyme expression and the progressive loss of activity after each purification step. The addition of a His tag in an attempt to obtain higher yields resulted in a total loss of activity even after removing the His tag with recombinant enterokinase. Activity assays carried out with GpgS-, MggA-, Ggs-, and MggS-containing E. coli cell extracts showed synthesis of GPG, MGPG, GG, and MGG, respectively, while the negative-control extracts from E. coli with the empty vectors did not. The GpgS-, MggA-, and Ggs-containing E. coli cell extracts showed extra bands of 37, 59, and 44 kDa, respectively, by SDS-PAGE. Gel filtration experiments indicated that the recombinant GpgS was a dimer with a calculated molecular mass of 80 Ϯ 5 kDa and that the recombinant MggA protein behaved as a monomeric protein in solution with a molecular mass of around 51 Ϯ 4 kDa. The recombinant Ggs behaved as a tetramer with an estimated molecular mass of about 170 Ϯ 3 kDa ( Table 1) .
Properties of the recombinant GpgS from Ptg. mobilis. Of the sugar donors examined, UDP-glucose was the preferred substrate (Table 2) , but it could be partially replaced by ADPglucose. D-3-phosphoglycerate (3-PGA) was the only acceptor for the synthesis of glucosyl-3-phosphoglycerate (GPG). ADP proved to be a strong inhibitor of the enzyme activity, even at very low concentrations (results not shown). It was also noteworthy that 3-PGA, at concentrations above 5 mM, was progressively inhibitory in the reaction mixture containing 20 mM UDP-glucose and 5 mM CoCl 2 . The enzyme was active between 35 and 80°C with optimal activity at 70°C (Fig. 2) . Maximal activity at 60°C was obtained at pH 7.0 (Fig. 2) . The recombinant glucosyl-3-phosphoglycerate synthase (GpgS) was dependent on divalent cations for activity, namely, Co 2ϩ , Mn 2ϩ , Ni 2ϩ , Mg 2ϩ , and Zn 2ϩ , although Co 2ϩ (5 mM) had a more pronounced stimulatory effect. The addition of EDTA (0.1 mM) completely inhibited the enzyme activity. The enzyme had a half-life of approximately 6 min at 60°C, and the addition of Co 2ϩ had a negligible stabilizing effect. However, the addition of both substrates increased the half-life of the enzyme to about 16 min (not shown).
Properties of the recombinant MggA from Ptg. mobilis. Only the combination of GDP-mannose and GPG (Table 2) served as substrates for the synthesis of mannosylglucosyl-3-phosphoglycerate (MGPG) by mannosylglucosyl-3-phosphoglycerate synthase (MggA) (Fig. 3) . The enzyme was active between 30 and 95°C, with maximum activity around 90°C (Fig. 2) . The activity of the enzyme at 60°C was maximal around pH 9.0 (Fig.  2) . MggA was not strictly dependent on divalent cations, but the presence of 1 mM Mn 2ϩ , Ca 2ϩ , Mg 2ϩ , or Co 2ϩ stimulated its activity in this order of efficiency. In the presence of 0.1, 2.0, or 5.0 mM EDTA, the enzyme retained 85, 30, and 23% of its maximal activity, respectively. The enzyme had a half-life of 99 min at 60°C.
Characterization of MGPG by NMR. The identity of the reaction product obtained with the recombinant MggA was established by NMR spectroscopy. The homonuclear COSY spectrum allowed the assignment of all proton resonances. The ROESY and the 13 C/ 1 H HMBC spectra confirmed the positions of the glycosidic linkages between the moieties, while the 31 P/ 1 H HSQC spectra revealed that the phosphate group was linked to position three of the glycerate group. Therefore, the reaction product was assigned to ␣-D-132-mannopyranosyl-␣-D-132-glucopyranosyl-3-phosphoglycerate. 1 H, 13 C, and 31 P chemical shifts are listed in Table 3 .
Properties of the partially purified native MggB from Ptg. mobilis. The specificity of the partially purified native MGPG phosphatase fraction was determined with a large number of phosphorylated compounds, but only UDP-glucose, ADP-glucose, GDP-mannose, MGPG, GPG, MPG, ADP, GDP, and UDP were dephosphorylated. ATP was also dephosphorylated, but to a lower extent. Glucose-1-phosphate, glucose-6-phosphate, mannose-1-phosphate, mannose-6-phosphate, and trehalose-6-phosphate were not dephosphorylated. MGPG phosphatase (MggB) exhibited Michaelis-Menten kinetics for MGPG, GPG, and MPG ( Table 2 ). The K m s for ADP, GDP, and UDP were below 100 M, and the specific activities were 2.2 Ϯ 0.2, 1.8 Ϯ 0.1, and 4.4 Ϯ 0.2 mol/min ⅐ mg Ϫ1 , respectively (not shown). NaCl and KCl concentrations between 50 and 300 mM had no effect on the enzyme activity. Divalent cations were not required for activity, but Mn 2ϩ , Mg 2ϩ , and Ca 2ϩ (each 20 mM) led to an increase in the activity by 100, 52, and 47%, respectively, while the addition of 20 mM EDTA led to a residual activity of only 14% in the presence of 20 mM Mn 2ϩ . This partially purified enzyme reached maximal activity at 80°C (Fig. 2) , an optimum pH range for activity between 6.5 and 7.5 ( Fig. 2) and half-lives of about 120 h at 60°C and 2.8 h at 70°C.
Properties of the native and recombinant Ggs from Ptg. mobilis. Among the sugar donors examined, ADP-glucose was the preferred substrate for the recombinant glucosylglycerate synthase (Ggs) ( Table 4) , which could be partially replaced by UDP-glucose with a very low efficiency (0.88 mol/mg ⅐ min Ϫ1 determined for the recombinant Ggs). D-Glycerate was the only acceptor (Table 4) .
The recombinant Ggs was active at temperatures between 45 and 80°C, but the maximum activity was observed at temperatures of between 70 and 75°C (Fig. 2) . In the pH range examined (pH 4.5 to 8.5), the activity of the enzyme at 60°C was maximal near pH 7.0 (Fig. 2) . The lack of activity after the addition of 1 mM EDTA to the reaction mixture indicated that the enzyme was strictly dependent on divalent cations. cations tested did not stimulate Ggs activity at any concentration; NaCl and KCl had no effect on Ggs activity. The half-life for thermal inactivation of the recombinant Ggs at 60°C was 3.1 h. Formation of very low levels of glycerate was observed in reaction mixtures containing the recombinant Ggs and the substrates GG and ADP (results not shown). A measurable rate of reaction (0.12 mol/min ⅐ mg Ϫ1 ) required 20 mM GG, indicating that the formation of GG was strongly favored.
We also tried to purify the native Ggs to assess enzymatic parameters, since the recombinant enzyme had a high K m . The native Ggs was partially purified using four chromatographic steps, but the activity was lost during hydrophobic interaction chromatography or Superdex-200 size-exclusion chromatography. The native and active Ggs and the recombinant Ggs shared the same temperature-and pH-dependence profile, substrate preference, and cation dependence. The K m values for each substrate were much lower for the native enzyme, either at 60 or at 70°C (Table 4 ). The half-life of the partially purified native Ggs at 60°C was also higher (6.6 h) than that of the recombinant enzyme. Properties of the partially purified recombinant MggS from T. maritima. Of the substrates examined, only the combination of GDP-mannose and GG served as substrates for the synthesis of MGG by the recombinant mannosylglucosylglycerate synthase (MggS) from T. maritima. This activity was extrapolated to a putative homofunctional MggS encoded by the gene Pmob_0697 in Ptg. mobilis (Fig. 3) . The enzyme was active between 40 and 70°C and between pH 5.0 and 9.0 with maximal activity at 60°C and at pH 7.0. The specific activity with GG (5 mM) and GDP-mannose (5 mM) at 60°C was 31 Ϯ 3 nmol/ min ⅐ mg Ϫ1 , while at 70°C, the specific activity was 16 Ϯ 1 nmol/min ⅐ mg Ϫ1 . The recombinant MggS was dependent on divalent cations for activity, namely, Co 2ϩ , Mg 2ϩ , Mn 2ϩ , and Ni 2ϩ , although Ni 2ϩ (5 mM) had the highest stimulatory effect. The MggS from T. maritima was able to catalyze the partial hydrolysis of MGG into mannose and GG, as visualized by TLC (not shown).
DISCUSSION
The compatible solute mannosylglucosylglycerate (MGG) was recently identified in the thermophilic and slightly halophilic bacterium Petrotoga miotherma where it accumulates during growth in media containing low levels of salt, whereas ␣-glutamate and, to a lesser extent proline, accumulated during growth in media containing salt above the optimum for growth (16) . In this study, we found that MGG also serves as a compatible solute in the closely related species Ptg. mobilis but is, in contrast to Ptg. miotherma, the major compatible solute under osmotic and thermal stresses. Currently, these are the only two organisms known to accumulate MGG.
The available Ptg. mobilis genome sequence led us to identify the genes involved in the synthesis of MGG. Herein, we propose a three-step phosphorylating route for the synthesis of the compatible solute MGG in Ptg. mobilis based on the activity of the relevant native and recombinant enzymes. This route is composed by an "actinobacterial-type" GpgS that catalyzes the formation of glucosyl-3-phosphoglycerate (GPG) from UDP-glucose and 3-phosphoglycerate, which is in turn converted to the phosphorylated precursor of MGG, mannosylglucosyl-3-phosphoglycerate (MGPG), by an extremely rare ␣-mannosyltransferase with a few motifs of the GT1 family of inverting glycosyltransferases (http://www.cazy.org/) that we named mannosylglucosyl-3-phosphoglycerate synthase (MggA). Since the MggA product MGPG was shown to retain the alpha configuration of the GDP-mannose donor, this enzyme should be accommodated in a different GT family. MPGP is subsequently dephosphorylated by a mannosylglucosyl-3-phosphoglycerate phosphatase (MggB) to MGG.
The gpgS and the mggA genes are located in the same operon-like structure, which suggests that they are under the control of the same promoter. Curiously, only the activity of the MggA could be detected in Ptg. mobilis cell extracts. It is possible that an unknown mechanism of regulation controlling the activity of the GpgS in vivo might be present, but we did not pursue this aspect further (15) . A putative phosphatase gene encoding the enzyme required to dephosphorylate MGPG was not identified in the surroundings of gpgS-mggA. Additionally, genes with homology with glucosyl-3-phophoglycerate phosphatases (gpgP) or mannosyl-3-phophoglycerate phosphatases (mpgP) were not detected in the Ptg. mobilis genome (7, 10) . Therefore, the purification of the native phosphatase (MggB) was attempted from Ptg. mobilis extracts. The partially purified The genome of Ptg. mobilis also contains a ggs gene and functional Ggs despite the fact that GG was not detected in this organism by NMR analysis of ethanol extracts. The functions of this gene and of the corresponding enzyme were elucidated for Persephonella marina, which accumulates GG under salt stress (13, 37) . The native and recombinant Ggs from Ptg. mobilis differed with respect to the kinetic parameters, although they had similar temperature-and pH-dependence profiles, identical substrate preferences, and cation dependence. In fact, the K m values of the native Ggs for ADPglucose and D-glycerate are almost 3-fold lower than the values determined for the recombinant enzyme. The native Ggs is also more thermostable than the recombinant form. Differences between the catalytic properties and conformations of native and recombinant enzymes expressed in E. coli have been previously observed (28, 29) . It is possible that the discrepancies between the native and recombinant forms of the Ptg. mobilis Ggs are a consequence of minor conformational differences resulting from the presence/absence of specific metabolites/factors or unknown posttranslational modifications.
The Ptg. mobilis Ggs was active in cell extracts and as recombinant enzyme, leading to the hypothesis that GG could be an intermediate in an alternative nonphosphorylating pathway for the synthesis of MGG, from GDP-mannose and GG (instead of GPG). The presence of this pathway, and of the route having a phosphorylated form of MGG as the intermediate, resembled the same dual pathway mechanism used by Rhodothermus marinus and Prs. marina to synthesize MG and GG, respectively (13, 24) . Indeed, the MggA from Ptg. mobilis was distantly related to another protein in this organism's proteome, which we considered the likely candidate for the synthesis of MGG from the GG produced by Ggs. However, we could not functionally express this putative mannosylglucosylglycerate synthase (MggS) even after the construction of a synthetic gene with optimized sequence for expression in E. coli. This putative ␣-mannosyltransferase with motifs of the GT1 family of glycosyltransferases and a narrow distribution in the genomes available had a homologue in Thermotoga maritima, which we expressed to validate the expected MggS activity. Although the function of the putative MggS from Ptg. mobilis remains to be experimentally demonstrated, and the level of amino acid identity to the T. maritima protein may indicate a different role, we showed that the latter synthesized MGG directly from GG and GDP-mannose. These results support the involvement of the Ptg. mobilis enzyme as the candidate for the last mannosyltransferase reaction in the synthesis of MGG by a nonphosphorylating pathway (Fig. 3) . Because the alpha configuration of the GDP-mannose is, as with the MggA, preserved, this retaining MggS cannot be accommodated in the inverting GT1 family of glycosyltransferases. In addition to MGG synthesis, the T. maritima MggS can also catalyze its hydrolysis to mannose and GG, implying a possible role in MGG catabolism. It is, therefore, possible that GG is a precursor of an unknown molecule in P. mobilis, being released from MGG by the MggS homologue (instead of being produced by the Ggs), under unknown conditions. Thermotoga spp. primarily accumulate mannosyl-di-myo-inositol-phosphate (MDIP) and di-myo-inositol-phosphate (DIP) under salt and thermal stresses (22) . Interestingly, MDIP is synthesized from DIP by an inverting mannosyltransferase that was recently identified in T. maritima (34) . This strategy resembles the mechanism used for the synthesis of MGG from GG by MggS. However, neither MGG nor GG have ever been identified in these high-temperature members of the Thermotogales and it is, therefore, possible that they may be synthesized as precursors for other unknown macromolecules. One example of the dual role of a solute is the accumulation of GG in response to osmotic and nitrogen stress by some bacteria and the synthesis of GG as a precursor of a polysaccharide in Mycobacterium spp. and of a glycolipid in a Nocardia sp. (17, 30) . Interestingly, the ␣-mannopyranosyl-(132)-␣-glucopyranose unit found in MGG is present in the polar heads of some glycolipids found in extremely halophilic archaea (16) .
The elucidation of two alternative pathways for the synthesis of the rare compatible solute MGG in the thermophilic bacterium Ptg. mobilis and the characterization of the enzymes involved represent an essential step toward the clarification of the mechanisms underlying adaptation to stress in this ancient lineage of organisms.
